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ABSTRACT 
 
One of the objectives of this work is to analyze the velocity of ultrasonic signals at ceramic pellets, establishing 
a correlation between the velocity from the ultrasonic wave and porosity. It is also be proposed, a correlation 
between ultrasonic frequency spectrum and pellet’s porosity. At a first step, patterns of ultrasonic frequency 
spectrum using differents samples with porosity previously defined are obtained. Then, such patterns are used to 
train an artificial neural network (ANN) which is used to analyze new signals and predict material’s porosity. A 
motivation for this work is to develop a non-destructive technique which is able characterize the UO2 ceramic 
pellets, which are generally fabricated by sintering pressed powdered UO2 or mixed oxide at high temperature. 
 
 
1. INTRODUCTION 
 
Due to several characteristics, such as the high melting point and the high corrosion 
resistence, ceramic materials have been widely used for a great variety of applications. In 
nuclear field, ceramic is present, for example, in UO2 fuel pellets used in Pressurized Water 
Reactors. Usually, such pellets are sinterization of UO2 powder compressed under high 
temperatures. 
 
Generally, thermal conductivity of solids decrease with increase of porosity. Therefore, low 
levels of porosity are desired in order to maximize conductivity and enhance heat flow in 
pellets. However, gases produced during nuclear reactions result in internal pressure, 
producing cracking and deformation in pellets. Hence, a certain level of porosity is desired to 
accommodate such gases. Therefore, porosity if fundamental to guarantee mechanical 
properties [1] which may prevent deformation or crack. 
 
In this context the Ultra-sound Lab of Instituto de Engenharia Nuclear (LABUS/IEN) have 
been developing many works using non-conventional ultrasonic techniques for material 
characterization. In this studies, 2 porosity measurement methods for ceramic pellets have 
been developed. The first one is based on variation of ultrasonic wave velocity as function of 
material’s porosity, creating a correlation between wave velocity and materials porosity [2].   
 
Other method consists in analyzing frequency spectra of the ultrasonic signal, which is 
modified due to interactions [3]. By using an Artificial Neural Network (ANN) it is possible 
to make correlation between frequency spectra and porosity. 
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In this work, both techniques are used in order to determine porosity of a group of 20 
Alumina (Al2O3) ceramic pellets, with porosities between 5.1% to 37.5%. 
 
The main objective of this research is to develop an efficient method using ultrasonic 
techniques for ceramic pellets porosity measurements, which provide, in future, its use for 
analyzing nuclear fuel (UO2).    
 
 
2. MATERIALS AND METHODS 
 
2.1. Materials 
 
In this work, 20 Alumina (Al2O3) ceramic pellets manufactured in uniaxial press with matrix 
of 25 x 25 mm, 5 mm thick, with pressure of 10 MPa have been used. 
 
Aiming to product different porosities 5 groups of 4 pellets have been sinterized under 
different temperatures: 1150ºC, 1400ºC, 1480ºC, 1540ºC e 1580ºC during 1 hour. The 
porosities were, then, measured by Arquimedes technique. 
 
2.2. Experimental Procedure 
 
The first step was the measurement of ultrasonic velocity for each pellet, given by eq. 1, in 
which  v  is the velocity, e is the pellet thickness and t  time interval.  
   
t
e
v
2
=
      (1) 
 
Then, a micrometer with 0.001 mm precision has been used to measure pellet’s thickness. A 
mean value of 5 measurements have been used. 
 
Next step was the time measurement. A 5 MHz transversal wave transducer connected to a 
Epoch 4 Plus Panametrics-NDT pulse generator and a Tektronix TDS-3032B oscilloscope 
have been used. Fig. 1 and 2 illustrates the experimental array. 
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Figure 1.  Equipments used. 
 
 
 
 
 
                 
 
 
Figure 2.  Schematic diagram of experimental array. 
 
 
In the oscilloscope the time interval between 2 echoes, t,  can be measured by vertical 
cursors, as illustrated in Fig. 3. 
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Figure 3.  Echoes exhibited in the oscilloscope. 
 
Then, with e and t, v could be calculated, according to eq. 1. 
 
Next step was the frequency spectra generation, which have been obtained by Fast Fourier 
Transform (FFT) done by the oscilloscope itself. 
 
In frequency spectra, it has been observed that pellets with similar porosity present similar 
spectra and different groups of porosity present variations in spectra, as shown in Fig. 4 and 
5. 
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Figure 4.  Frequency spectra for sinterized pellets 
at 1580ºC. 
Porosity = 5,09% Porosity = 5,43% 
P rosity = 5,54% Porosity = 5,81% 
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Figure 5. Spectra for pellets sinterized for each different temperature. 
 
 
In order to make a correlation between spectra and porosity, a Multilayer Perceptron (MLP) 
Artificial Neural Network (ANN) [4] have been developed. In the training phase, ANN learn 
(i.e. correlations, clusters) by examples (called training patterns). Then a data base constituted 
by 200 spectra (10 for each pellet) have been generated. From such data base 100 were used 
for training the ANN, 50 for testing generalization (during training) and 50 for validation of 
the ANN (simulating its operation). 
 
As inputs, the ANN receives the spectra discretized in 128 points. Then, it processes the 
signal and outputs the porosity. The ANN used in this work is illustrated in Fig. 6. 
 
 
 
 
 
Porosity = 5,54% 
P rosity =10,90% P rosity =19,30% 
Porosity =28,70% Porosity =37,20% 
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Figure 6. ANN topology. 
 
 
3. RESULTS AND DISCUSSIONS 
 
Table 1 shows measurements of thickness, porosity, time and wave velocity for each pellet. 
  
Table 1.  Results for measurements in time domain. 
 
Temperature 
(ºC) 
Body test 
identification 
Thickness 
(mm) 
Porosity 
(%) 
Time interval 
(µs) 
Ultrasound 
velocity 
(m/s) 
 
 
1150 
1 4,171 37,30 4,32 1931,00 
2 4,138 37,10 3,79 2183,64 
3 4,168 37,20 3,86 2159,59 
4 4,117 37,40 4,26 1932,86 
 
 
1400 
1 4,084 29,00 1,88 4344,68 
2 3,998 28,90 1,84 4345,65 
3 3,972 28,70 1,81 4388,95 
4 4,002 29,00 1,84 4350,00 
1480 
1 3,776 19,70 1,48 5102,70 
2 3,715 19,90 1,47 5054,42 
3 3,664 19,30 1,45 5053,79 
4 3,815 19,40 1,50 5086,67 
1540 
1 3,618 10,50 1,26 5742,86 
2 3,651 10,90 1,28 5660,47 
3 3,634 10,80 1,25 5814,40 
4 3,636 10,60 1,27 5725,98 
1580 
1 3,467 5,09 1,16 5977,59 
2 3,523 5,54 1,18 5971,19 
3 3,438 5,43 1,15 5979,13 
4 3,516 5,81 1,17 6010,26 
Input 
Layer 
Output 
Layer 
Hidden  
Layer 
Neuron 1 
Neuron 2 
Neuron 127 
Neuron 128 
Neuron 1 
Neuron 249 
Neuron 1 
Neuron 2 
 
Neuron 250 
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From Table 1 a correlation between ultrasonic wave propagation velocity and pellet porosity 
has been made by a linear fitting, with correlation of 0.9392, as illustrated in Fig. 7. 
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Figure 7. correlation between ultrasonic wave propagation velocity and pellet porosity. 
 
Table 2 shows results presented by the ANN, in which average of 10 predictions of porosity 
(by the ANN) has been made. 
 
Note that a maximum error of 4.25 and average error of 1.19% (related to the reference 
values, measured by Archimedes technique) have been obtained, showing the good ability of 
the ANN in porosity prediction. 
 
 
Table 2.  Analise results in frequency domain. 
Reference value ANN prediction Error Relative error (%) 
Average error 
(%) 
37,30 36,96 0,34 0,90  
 
 
 
 
 
 
 
 
 
1,19 
37,20 36,98 0,22 0,60 
37,10 37,03 0,07 0,19 
37,40 37,11 0,29 0,78 
29,00 29,01 0,01 0,02 
28,70 28,74 0,04 0,14 
28,90 28,98 0,08 0,28 
19,90 20,05 0,15 0,78 
19,70 20,04 0,34 1,73 
19,40 19,58 0,18 0,91 
19,30 19,30 0,00 0,00 
10,90 11,15 0,25 2,28 
10,80 10,71 0,09 0,81 
10,60 10,64 0,04 0,42 
10,50 10,45 0,05 0,44 
5,81 5,96 0,15 2,61 
5,54 5,73 0,19 3,40 
5,43 5,66 0,23 4,25 
5,09 5,19 0,10 1,99 
sity 
Velocity (m/s) 
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To test the ANN ability in characterizing different groups of porosity, the spectra with 
porosity of 37.20% have been excluded from training data base and used only to simulate 
ANN operation. Results are shown in Table 3. 
 
 
Table 3.  Errors obtained for 10 individual characterizations for the 37,20% porosity. 
 
Reference value ANN prediction Error Relative error (%) 
Average error 
(%) 
37,20 35,64 1,56 4,18  
 
 
 
 
5,40 
37,20 36,55 0,65 1,75 
37,20 34,92 2,28 6,12 
37,20 35,75 1,45 3,91 
37,20 35,34 1,86 4,99 
37,20 34,20 3,00 8,05 
37,20 34,39 2,81 7,55 
37,20 35,31 1,89 5,07 
37,20 34,40 2,80 7,52 
37,20 35,39 1,81 4,88 
 
 
Note that maximum and average error have slightly increased, but results remain good, 
demonstrating the ANN ability for generalizing relations between frequency spectra and 
porosity. 
 
 
4. CONCLUSIONS  
 
Although techniques used in this work are under development, they present good results in 
Alumina (Al2O3) ceramic pellets porosity characterization. The ANN reached outstanding 
results, demonstrating a very good ability for generalizing relations between frequency 
spectra and porosity. 
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